1. Introduction {#sec1}
===============

The safety margin of tracheal tube cuff pressure lies between excessive and insufficient pressure. Specifically, insufficient pressure can lead to air leakage, which lessens the effect of mechanical ventilation and results in the leakage of inhalation anesthetics \[[@B1]\], while excessive pressure can cause serious injury and affect blood flow to the tracheal mucosa, resulting in tracheal stenosis, fistula, or tracheal rupture \[[@B2], [@B3]\]. Movement of the head and neck and the resulting displacement of the tracheal tube can alter cuff pressure \[[@B4]\].

Cuff shape design has advanced substantially in recent years. For example, the taper-shaped cuff was developed with a cylindrical shape to seal the trachea better than existing cuffs such as the high-volume low-pressure (HVLP) cuff \[[@B5], [@B6]\].

We hypothesized that the taper-shaped cuff would prevent cuff pressure changes due to head and neck position changes more effectively than the HVLP cuff. To this end, we compared cuff pressure increases with different head and neck positions between the HVLP and taper-shaped cuffs in a prospective randomized controlled trial.

2. Methods {#sec2}
==========

The Research Ethics Committee of Osaka Medical College approved this study. [Figure 1](#fig1){ref-type="fig"} shows the CONSORT flowchart for participant recruitment. This study was registered in the UMIN Clinical Trials Registry (registration number: [UMIN000016119](https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=brows&type=summary&recptno=R000018287&language=E)). From January to April 2015, eligibility was assessed for 50 patients, of whom two refused and eight were excluded in accordance with the eligibility criteria. After obtaining written informed consent, 40 patients aged 20 to 75 years who were to undergo general anesthesia in a supine position were randomly assigned (envelope method) to one of two groups: intubation by a tracheal tube with the HVLP cuff (HVLP group, 20 patients) or the taper-shaped cuff (Taper group, 20 patients). Exclusion criteria were morbid obesity defined by a body mass index \>35, cervical disease or cervical movement restriction, gastroesophageal reflux, previous upper abdominal surgery, and a recent (within seven days) history of upper respiratory tract infection \[[@B7]\].

Percutaneous oxygen saturation, noninvasive blood pressure, heart rate, electrocardiography, and end-tidal carbon dioxide tension were monitored for each patient \[[@B7]\]. Without any premedication, anesthesia was induced with a bolus infusion of propofol 1-2 mg·kg^−1^ and remifentanil 0.3--0.5 *μ*g·kg^−1^·min^−1^. Rocuronium 0.8--1.0 mg·kg^−1^ was administered as a muscle relaxant. Anesthesia maintenance was performed with continuous inhalation of sevoflurane, and no nitrous oxide was used. A McL blade of either size 3 or size 4 was used according to the anesthesiologist\'s preference. Anesthesiologists performed intubation using a tracheal tube with a HVLP cuff (Portex Soft Seal, Smith Medical Co., Ltd., Kent, UK) or taper-shaped cuff (Mallinckrodt TaperGuard, Covidien, Dublin, Ireland) according to the randomization. The shapes of the cuffs are shown in [Figure 2](#fig2){ref-type="fig"}. The size of the tracheal tube was determined by the anesthesiologist based on the formula of height/20 mm to standardize study conditions. The number of intubation trials and Cormack\'s classification were assessed. The tip of the tracheal tube was placed about 2 cm into the trachea and fixed at the center of the mouth with cohesive tape Durapore \[[@B8]\]. Mechanical ventilation was performed in a volume-controlled manner at a rate of 10--12 mL/kg and 8--10 times/min.

Cuff pressure adjustments and measurements were performed with an automated cuff pressure controller (Mallinckrodt Pressure Control, Covidien, Dublin, Ireland), which is accurate to 1 decimal place, according to the manufacturer. The cuffs were initially inflated to a pressure of 15, 20, or 25 cmH~2~O. The head and neck were placed in the neutral position, such that the external ear canal is level with the top of the shoulder and the ear-eye line (from the external ear canal to the superior orbital margin) is vertical, and then repositioned randomly in the following positions: maximal extension, maximal flexion (about 45 degrees), or maximal rotation (about 70--90 degrees) to the right. Cuff pressure was recorded by an independent observer in each position. We measured cuff pressure changes at the expiratory pauses for roughly 30 seconds at each position. After each cuff pressure measurement, the participant was returned to a neutral position. All participants experienced three initial cuff pressures for neutral, flexion, extension, and rotation, for a total of 12 patterns \[[@B9]\].

Statistical analysis was performed using JMP 11 (SAS Institute Inc., Cary, NC, USA). A two-way repeated measures analysis of variance was used to compare cuff pressure changes. Data are presented as either mean ± standard deviation or median ± interquartile range. *P* \< 0.05 was considered statistically significant.

Sample size calculation was based on data from five participants in a pilot study in which cuff pressures were measured in the four flexion positions. The largest difference in mean oropharyngeal leak pressure between the positions was 4 ± 4.9 cmH~2~O. Eighteen patients were needed to detect a difference in oropharyngeal leak pressures between positions with a type I error of 0.05 and a power of 0.8. Hence, 20 patients were enrolled in this study in order to allow for any methodological difficulties that could lead to exclusion from the study.

3. Results {#sec3}
==========

Patient characteristics are summarized in [Table 1](#tab1){ref-type="table"}. None of the patients were lost to follow-up during the trial.

3.1. Cuff Pressure Changes according to Changes in Head and Neck Positions for the HVLP and Taper Groups {#sec3.1}
--------------------------------------------------------------------------------------------------------

[Table 2](#tab2){ref-type="table"} shows the cuff pressure changes according to initial cuff pressures. During flexion and extension, cuff pressure changes were significantly higher in the HVLP group than in the Taper group, regardless of initial cuff pressure (*P* \< 0.001 for both flexion and extension). In contrast, cuff pressure changes did not differ significantly between the two cuff types during rotation, regardless of initial cuff pressure.

3.2. Cuff Pressure as Affected by Head and Neck Position in the HVLP and Taper Groups {#sec3.2}
-------------------------------------------------------------------------------------

[Figure 3](#fig3){ref-type="fig"} shows changes in cuff pressure by head and neck position at the three initial cuff pressures. Cuff pressure significantly increased with flexion in both HVLP and Taper groups at initial cuff pressures of 15, 20, and 25 cmH~2~O. Cuff pressure significantly increased with extension in the HVLP group, but not in the Taper group, regardless of initial cuff pressure. Cuff pressure did not significantly change with rotation in both HVLP and Taper groups. Cuff pressure in the Taper group was significantly smaller during flexion and extension than in the HVLP group, regardless of initial cuff pressure.

3.3. Number of Patients for Whom Cuff Pressure Exceeded 30 cmH~2~O {#sec3.3}
------------------------------------------------------------------

At an initial cuff pressure of 20 cmH~2~O, cuff pressure exceeded 30 cmH~2~O for 5 patients in the HVLP group; this was not observed for any patients in the Taper group (*P* \< 0.001). At an initial cuff pressure of 25 cmH~2~O, cuff pressure exceeded 30 cmH~2~O in 18 patients in the HVLP group and in 6 patients in the Taper group during flexion (*P* \< 0.001). During extension, this was also observed in 10 patients in the HVLP group, but not in any patients in the Taper group (*P* \< 0.001).

4. Discussion {#sec4}
=============

Tracheal intubation during general anesthesia is essential for procedures that require changes in head and neck position. For example, sufficient extension of the neck is needed for thyroid or otolaryngology surgery, while neck flexion is often required for cervical spine, plastic, and cerebral surgery. Since head and neck movement changes the shape of the pharynx or compresses the trachea, cuff pressure management is important for preventing tracheal stenosis, necrosis, and postoperative pharyngeal pain \[[@B10], [@B11]\].

Introduction of a cuffed endotracheal tube with improved tracheal sealing characteristics over existing cuffed tubes may encourage the regular use of these tubes in the clinical setting. The pressure exerted by HVLP cuffs, popularized in the 1970s, is almost equal to the cuff inflation pressure. HVLP cuffs can be used for positive pressure ventilation with a cuff inflation pressure of less than 30 cmH~2~O \[[@B12]\]. In this study, cuff pressure exceeded 30 cmH~2~O in roughly 90% of patients during flexion and in 50% during extension, at an initial cuff pressure of 25 cmH~2~O, demonstrating the potential inherent risk of increased cuff pressure leading to tracheal wall ischemia by using HVLP cuffs.

The taper, a newly developed endotracheal tube, has a cylindrical cuff that seals the trachea better than existing endotracheal tubes. This tube is shaped for effective prevention of leakage via longitudinal folds. Previous studies have assessed the sealing ability of taper-shaped cuffs using water or viscous fluids in adult airway simulation models \[[@B13], [@B14]\]. Our study revealed that the taper had significantly smaller cuff pressure increases during flexion or extension relative to those observed when using the HVLP. Moreover, cuff pressure exceeded 30 cmH~2~O in only 30% of patients during flexion.

We found that cuff pressure with flexion was significantly smaller in the Taper group compared to the HVLP group, regardless of initial cuff pressure, and that cuff pressure increased with flexion and extension in the HVLP group. In the Taper group, cuff pressure increased significantly with flexion but did not increase with extension or rotation. The cuff pressure was also significantly smaller in the Taper group than in the HVLP group with flexion and extension at all initial cuff pressures. We surmise that the taper prevents excessive cuff pressure increases when changes occur in head and neck positioning. One probable reason for the differences observed between the taper-shaped and HVLP cuffs may be differences in the cuff attaching area \[[@B15]\]. Since the area of the cuff that attaches to the tracheal wall is smaller with taper-shaped cuffs than with HVLP cuffs, the attachment pressure of taper-shaped cuffs may be higher than with HVLP cuffs under the same cuff pressure. Given these advantages and the cylindrical shape, taper cuffs are expected to reduce the incidence of excessive cuff pressure increases.

Notably, we did not observe any cuff pressure increases with rotation in either the HVLP or the taper, which differed from other study findings \[[@B4]\]. This inconsistency may be partially due to anatomical differences between children and adults. While the tracheal tube may rotate smoothly in the trachea and not elicit pressure changes in adults, pediatric tracheal tube cuffs can become compressed even by head rotation.

The present study has a number of limitations. Data were collected by unblinded observers. Blinding was unrealistic in this study because the position of the head and neck was difficult to hide from the observer who recorded the data \[[@B16]\]. However, the measured variables in this study were clearly defined. Thus, the lack of blinding is unlikely to have skewed our results. Second, as this study was conducted at a single institute, a large-scale multicenter study or meta-analysis will be needed to clarify the utility of taper-shaped cuffs for use in situations involving changes in head and neck position \[[@B17]\].

In conclusion, we demonstrated that changes in cuff pressure with head and neck flexion and extension were smaller in the Taper group than in the HVLP group. Our results highlight the potential for taper cuffs to help prevent excessive cuff pressure increases upon changes in head and neck position.

Financial support for the study was provided by each author\'s affiliated institution.

Conflict of Interests
=====================

The authors declare no conflict of interests regarding the publication of this paper.

Authors\' Contribution
======================

Nobuyasu Komasawa and Ryosuke Mihara contributed to the study design, study implementation, data analysis, and paper preparation. Kazuo Hattori and Kentaro Imagawa contributed to the study design, data collection, data analysis, and paper preparation. Toshiaki Minami contributed to the study design and paper preparation. All authors discussed the results and approved the final paper.

![CONSORT flowchart for patient recruitment.](BMRI2015-386080.001){#fig1}

![Shapes of high-volume low-pressure (HVLP) and taper-shaped (taper) cuffs.](BMRI2015-386080.002){#fig2}

![Cuff pressure by head and neck position with HVLP and taper cuffs. HVLP group: trachea was secured using a tracheal tube with a high-volume low-pressure cuff; Taper group: trachea was secured using a tracheal tube with a taper-shaped cuff. ^*∗*^ *P* \< 0.05 compared to taper. ^\#^ *P* \< 0.05 compared to neutral position. (a) Initial cuff pressure of 15 cmH~2~O, (b) initial cuff pressure of 20 cmH~2~O, and (c) initial cuff pressure of 25 cmH~2~O.](BMRI2015-386080.003){#fig3}

###### 

Patient characteristics of each group presented as mean ± SD or number of patients. HVLP group: trachea was secured with a high-volume and low-pressure cuffed tracheal tube; Taper group: trachea was secured with taper cuffed tracheal tube.

  -------------------------------------------------------------------
                                         HVLP group\   Taper group\
                                         *N* = 20      *N* = 20
  -------------------------------------- ------------- --------------
  Age (years)                            61.8 ± 12.9   64.9 ± 12.7

  Gender (male/female)                   10/10         10/10

  Body weight (kg)                       59.4 ± 13.7   57.3 ± 7.9

  Height (cm)                            161.6 ± 7.5   159.5 ± 9.9

  BMI (kg/m^2^)                          22.6 ± 4.6    22.5 ± 2.5

  Mallampati score (1/2/3/4)             8/11/1/0      7/12/1/0

  Cormack-Lehane grade (1/2/3/4)         11/8/1/0      9/11/0/0

  Tracheal tube size (7.0/7.5/8.0/8.5)   2/11/6/1      3/7/8/2
  -------------------------------------------------------------------

BMI: body mass index.

ASA: American Society of Anesthesiologists.

###### 

Cuff pressure changes by head and neck position with HVLP and taper-shaped cuffs. HVLP group: trachea was secured using a tracheal tube with a high-volume low-pressure cuff; Taper group: trachea was secured using a tracheal tube with a taper-shaped cuff. Data are presented as median \[interquartile range\]. ^*∗*^ *P* \< 0.05.

###### 

\(a\) Initial cuff pressure 15 cmH~2~O

              Flexion            Extension           Rotation
  ----------- ------------------ ------------------- -------------------
  HVLP        5.3 \[3.9--7.7\]   3.4 \[2.4--4.2\]    0.3 \[−0.8--1.1\]
  Taper       2.6 \[1.5--3.5\]   0.2 \[−0.2--0.4\]   0.1 \[−0.7--0.6\]
  *P* value   \<0.001^*∗*^       \<0.001^*∗*^        0.41

###### 

\(b\) Initial cuff pressure 20 cmH~2~O

              Flexion            Extension          Rotation
  ----------- ------------------ ------------------ --------------------
  HVLP        8.4 \[7.6--9.4\]   4.7 \[3.9--5.4\]   0.4 \[−0.4--1.2\]
  Taper       5.4 \[4.0--6.5\]   0.9 \[0.4--1.8\]   −0.6 \[−1.5--0.4\]
  *P* value   \<0.001^*∗*^       \<0.001^*∗*^       0.12

###### 

\(c\) Initial cuff pressure 25 cmH~2~O

              Flexion              Extension           Rotation
  ----------- -------------------- ------------------- --------------------
  HVLP        10.3 \[8.5--13.1\]   5.0 \[2.7--7.0\]    −0.1 \[−0.4--0.5\]
  Taper       4 \[2.6--5.3\]       0.5 \[−0.4--1.4\]   0.1 \[−1.0--0.9\]
  *P* value   \<0.001^*∗*^         \<0.001^*∗*^        0.91
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